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ABSTRACT
The use of pressure control to reduce leakage is well known. The benefit is significantly increased if pressures are controlled in response to changes in demand or flow. To achieve this, it is necessary to enable the pressure controller to sense both flows and the corresponding pressures, thereby avoiding unnecessarily high system pressures. In the implementation of a pressure management scheme for leakage reduction, both steady state and dynamic aspects should be considered. The steady state aspects ensure that the set-points of a pressure reducing valve (PRV) are changed according to an optimal profile so as to minimize background leakage and to satisfy pressure requirements at critical points. The dynamic aspects ensure that excessive pressure changes (oscillations) caused by interactions between modulating valves and transients in water networks are not generated across the distribution networks. This paper will focus on the dynamic aspects of pressure control. A new control scheme is presented to achieve fully flow modulated dynamic pressure control. The proposed controller is based essentially on a PRV dynamic model, and the flow modulated pressure control is achieved using both pressure and flow information. Computer simulations are carried out to illustrate the operation and performance of the new controller. The simulation results show that the performance of the resulting PRV for pressure regulation is comparable with that of a recently proposed PID controlled PRV. The new scheme simplifies the controller design process and also gives better performance for flow modulated pressure control.
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An effective way to reduce background leakage is to introduce pressure control techniques into water distribution networks (see e.g. Jowitt and Xu (1990), Ulanicki et al (2000), Cembrano et al (2000)). The benefit can be increased significantly if pressures of the water distribution network are controlled in response to changes in demand or flow. To achieve this, it is necessary to enable the pressure controller to sense both flows and the corresponding pressures, thereby avoiding unnecessarily high system pressures. To facilitate monitoring and control activities, it is common practice to split the water distribution network into district metered areas (DMAs) that are typically small areas and are isolated apart from designated inlets and outlets through which flows are monitored. Pressure reducing valves (PRVs) are used to maintain a specified pressure to the inlets of a DMA against the fluctuations in PRV inlet pressure and the changes of demand from the DMA. Conventionally, this is realized by feeding back the PRV outlet pressure (which is the inlet pressure to the DMA) and comparing it with a set-point, the difference between the set-point and the feedback outlet pressure is then used to control the opening of the PRV main valve so as to maintain the PRV outlet pressure at the specified value. This can be achieved with a conventional PRV (see Prescott and Ulanicki (2003)) that uses a pilot valve to sense the outlet pressure and a needle valve to control the water injected into or ejected from the control chamber of the PRV which in turn adjusts the opening of the main valve as required. The above pilot-needle valve-based hydraulic control loop can be considered as a simple proportional feedback control system where the control signal is the difference between the set point and the outlet pressure multiplied by a gain  or  (see Prescott and Ulanicki (2003) for details). As indicated in Prescott and Ulanicki (2008), making these control gains (through needle valve setting) large, the PRV responds quickly to changes in demand but the response will be oscillatory and take a long time to settle; if the gain is small then the response will be slow and the overshoot will be large. Currently, water companies set their PRVs to obtain a balance between overshoot and settling time.
       To overcome the aforementioned problem, Prescott and Ulanicki proposed a PID controller to replace the conventional pilot-needle valve-based hydraulic control loop so as to introduce the required dynamics into the controller. The proposed PID controller uses pressure information only to generate the control signal and the parameters of the controller are determined using a model-free method (relay experiments). Therefore, the information embedded in the available dynamic model of the PRV main valve is not used in their controller design. It is shown in (Prescott and Ulanicki (2008)) that this PID-controlled PRV outperforms the conventional pilot-needle valve-controlled PRV.
       To improve the dynamic performance of a PRV for flow modulated pressure control in the water distribution networks, a new control scheme is presented in this paper. With the new control scheme, the information embedded in the available PRV dynamic model is used in the controller design process and the new controller can achieve fully flow modulated dynamic pressure control using both pressure and flow information.

       The work presented here is part of the UK EPSRC-funded project NEPTUNE, which is aimed at improving the dynamic performance of a pressure management scheme for leakage reduction. The rest of the paper is organized as follows. Section 2 presents a PRV and its dynamic model. A brief description of the Simulink model for the combined PRV and DMA system is given in Section 3. The new controller is developed in Section 4 and the simulation results are presented in Section 5, with concluding remarks in Section 6.

PRV AND ITS DYNAMIC MODEL

A PRV is a valve that reduces a higher upstream pressure to a lower downstream pressure and maintains this downstream pressure at a specified value or follows a specified profile. A schematic structure of a PRV main valve is shown in Figure 1.


Figure 1. Schematic structure of a PRV

       Four models for describing the dynamic behaviour of a pilot-needle valve-controlled PRV have been developed in Prescott and Ulanicki (2003). For the purposes of controller design in this paper, the model of the PRV main valve as depicted in Figure 1 is briefly outlined as follows (see also Prescott and Ulanicki (2003)):
	(1)                                                                                      
	(2)
where  is the displacement of the main valve element from its closed position as shown in Figure 1;  is the flow going into or out of the control space of the PRV main valve, which determines the opening or closing rate of the valve, and hence acts as the control signal to the valve;  is the flow through the main valve;  and  are PRV inlet and outlet heads (pressures) respectively.  in equation (1) is the cross-sectional area of the PRV control space. For a diaphragm operated PRV used in this paper, it is a nonlinear function of the valve opening .  in equation (2) is the valve capacity which is also a nonlinear function of valve opening. For the PRV main valve used in this paper, these two functions are given as follows (see Prescott and Ulanicki (2003) for details):

	(3)                                                                                      
	(4)
       The purpose of the controller in Figure 1 is to maintain the PRV outlet head  at a specified set-point or to follow a predefined optimal profile irrespective of the changes in PRV inlet head  and the flow . This is achieved by controlling the opening  of the valve via . 

CONNECTION OF PRV AND WATER DISTRIBUTION NETWORK

In the implementation of a pressure management scheme, both steady state and dynamic aspects are important. The steady state behaviour should ensure that the PRV set-points are changed according to an optimal profile so as to minimize background leakage and to satisfy pressure requirements at critical points. The dynamic behaviour should ensure that excessive pressure changes (oscillations) caused by interactions between modulating valves and transients in water networks are not generated across the DMA. This paper focuses on the dynamic aspects of pressure control.
       As mentioned previously, the DMA inlet pressure is determined by the PRV outlet pressure . When a PRV is connected to a DMA, the flow  through the PRV main valve depends on a number of factors, including the DMA user demand and network leakage (which will in turn be determined by pressure in the DMA), etc. In addition, the dynamic behaviour of  depends on the network dynamics which is governed by the physical laws describing the transient flow in a closed conduit, such as waterhammer momentum and continuity equations, and the topology of the network. The combination of a PRV and a DMA network will form, from a control point of view, a complex nonlinear distributed parameter system.
       In this paper, the PRV main valve, the DMA network and the user demand are modelled as Simulink blocks, and a flow-modulated (FM) controller is proposed for controlling the dynamic behaviour of the combined system. A screen shot of the combined system, showing the interconnection between the blocks, is given in Figure 2, where the P-Q curve block specifies an optimal pressure-flow curve, which can be obtained by an optimization procedure for pressure management (see e.g. Ulanicki et al (2000)). The latter defines a set of flow modulated set-points for the PRV. In our studies performed throughout this paper, the combined system is assumed to be supplied with a fixed head  and the actual PRV inlet pressure is calculated in the upstream pipe loss block as shown in Figure 2. The head loss in the upstream pipe is proportional to the square of the main flow through the pipe, and hence
	(5)                                                                                       
where the value of  depends on the physical parameters of the upstream supply pipe, such as pipe length, diameter, Darcy-Weisback friction factor, etc. For a given network, these parameters are fixed and  will be a known constant.









For a conventional pilot-needle valve-controlled PRV, the proportional gain may take different values for opening and closing the valve as the needle valve opening is adjustable for flow in one direction only (see Prescott and Ulanicki (2003)). However, it can be seen, from equation (2), that  depends also on the flow  through the valve in addition to the PRV inlet pressure  and valve opening . For example, an increase in  will lead to a decrease in  if  and valve opening  remain unchanged. Intuitively, adding a control term based on the change in  to the above proportional control term should improve the control performance. To determine the gain for this control term, we need to know how the rate of change of  depends on the rate of change of  and . This relationship is given by differentiating output equation (2) with respect to time: 
                                                                                    




                        (9)

As  and  for all , it can be seen that the rate of change of  caused by  has a different sign to that caused by  and the resulting relationship between the rate of change of  and , control signal  is as follows (using equations (1) and (3)):

                      (10)

To compensate the rate of change of  caused by , i.e. to make , the additional control signal needs to be:

                                        (11)

Therefore, the total control signal is:

                                                                                            (12)

As can be seen from equation (11), the gain  is not constant but will depend on  and . Figure 3 plots  as a function of  and  within the normal working range of the PRV and  takes values 0.0013~0.0264.

Figure 3. Gain 

APPLICABILITY STUDIES VIA SIMULATIONS

To study the applicability of, and to illustrate the operation of, the proposed new scheme for controlling a PRV in a DMA, simulation studies were performed and the results are presented next. The scheme is used for both pressure regulation and flow modulated pressure control, and the results are compared with those using a conventional pilot-needle valve-controlled PRV and those using the PID-controlled PRV proposed in Prescott and Ulanicki (2008). The example network is taken from Prescott and Ulanicki (2008) which is a theoretical single-input DMA as shown in Figure 4.

Figure 4. Theoretic single-input network
       The responses of the DMA and PRV to two types of demand changes are considered: (i) a large sudden demand in the DMA, which represents a single large industrial user and (ii) a smaller, but constantly fluctuating demand, which represents a residential demand in the DMA (see Prescott and Ulanicki (2008) for details). Throughout this section, the length of simulation time is 500 seconds and the large industrial demand is assumed to occur between 100 and 300 seconds at the node 23 of the network, which increases from 0L/s to 8L/s over 5 seconds and remains at this value for a period of time before ramping down to 0L/s over 5 seconds.

Simulation results of pressure regulation
This subsection presents the results for pressure regulation. In this case, the PRV set point  is fixed at a specified value (27m in the simulations) and the PRV is used to maintain the outlet pressure at this specified value in the face of the changes in demand. Figure 5 shows the results using the conventional PRV with the standard settings of  and . It can be seen from this figure that almost all deviations from the set point are below the desired value and the pressure increases quickly then drops. This is because the closing speed of the PRV (determined by ) is faster than the opening speed (determined by ).


Figure 5. Outlet head with conventional PRV
       
       Next, the conventional pilot-needle valve controller is replaced first by the new controller proposed in this paper and then by the PID controller proposed in Prescott and Ulanicki (2008). The outlet pressures are plotted in Figures 6. 

     
Figure 6. Outlet heads: new controller (left) and PID controller (right)
It can be seen that the performance of the new controller compares well with that of the PID controller and both outperform the conventional pilot-needle valve controller. Note that the design of the new controller is simpler than that of the PID controller as only one parameter ( in equation (12)) needs to be determined using essentially the information embedded in the available PRV main valve dynamic model (via equation (11)). The proportional gain  in equation (12) is basically kept at the standard value in the conventional pilot-needle valve controller. In this simulation, we have chose  and.
     
Simulation results of flow modulated pressure control
This subsection presents the simulation results from flow modulated dynamic pressure control. In this case, the PRV set-point  is not fixed but flow modulated and the outlet pressure of the PRV is required to track this flow modulated (i.e. variable) set-point. For simplicity, linear flow modulation is assumed. Two sets of simulations were carried out with the two flow modulation (P-Q) curves shown in Figure 7:
          
Figure 7. Flow modulation (P-Q) curves used in simulations

       The tracking performances under these two P-Q curves using the new controller and the PID controller of Prescott and Ulanicki (2008) are shown in Figures 8 and 9. It can be seen that, for a gentle sloped P-Q curve, both controller are able to track the flow modulated set point. But for a steep P-Q curve, the PID controller tends to be unstable.
      
Figure 8. Outlet heads with a gentle sloped P-Q curve
            





In this paper, a control scheme is proposed to achieve fully flow modulated dynamic pressure control for implementation of a pressure management scheme. The results from simulations show that, by adding a simple control term based on the rate of change in flow to the conventional proportional pressure control term, the performance of the resulting PRV for pressure regulation is comparable with that of the PID controlled PRV proposed in Prescott and Ulanicki (2008). The price to pay for this simpler design is that a flow meter, in addition to a pressure sensor, is required to pick up the flow signal. However, if flow modulation is required, the flow signal has to be available. The simulations also demonstrate that the proposed control scheme is more stable than the PID controller for achieving fully flow modulated dynamic pressure control
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